Introduction {#Sec1}
============

The discovery of tumor-driven genes and the development of targeted drugs greatly improved the therapy of tumors. However, the existence of heterogeneity enables tumors to survive treatment with drugs, resulting in unfavorable response rates \[[@CR1]--[@CR3]\]. The aim of precision medicine is to treat the right patients with the right medicine. Thus, it is necessary to dissect the mechanism underlying tumorigenesis and search for the genes that cause drug resistance in tumors. Recently, the wide application of unbiased screening based on gene editing has made it possible to solve a variety of problems in cancer treatment, such as poor selectivity, drug resistance, recurrence, and limited targets.

High-throughput screening based on gene editing has developed rapidly. Small interfering RNA interference technology has become a mature method because of its advantages in inducing the rapid downregulation of gene expression. Short hairpin RNA libraries have been used for loss-of-function (LOF) screening by stably downregulating the expression of genes across the whole genome, but the application of this method is limited by incomplete gene knockdown and off-target effects \[[@CR4], [@CR5]\]. Engineered nucleases, such as zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and mega-ribozymes, have been successfully utilized in genetic engineering. However, the application of these genome editing techniques has been limited by their inevitable deficiencies. ZFNs and TALENs rely on the specific recognition of DNA sequences by proteins, and the complexity of their assembly makes them inconvenient to operate \[[@CR6]--[@CR9]\]. Recently, the clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (Cas9) system has profoundly boosted the progress of genome engineering due to its capability to modify, replace or insert DNA sequences efficiently and accurately. CRISPR has been widely applied to genetically modified animal models, gene therapy and high-throughput screening in the scientific community \[[@CR10]--[@CR13]\]. The Zhang lab became the first to adopt large-scale CRISPR/Cas9-based screening to study drug resistance in tumors. The simplicity and reliability of the CRISPR-Cas9 system make it possible to discover new drug targets, biomarkers and genes that contribute to drug resistance which are essential factors in precision medicine. In this review, we summarize the common strategies used for CRISPR-cas9 screening and its application to precision medicine. We also discuss the existing problems and challenges of targeted screening technology.

Mechanism of CRISPR-cas9 {#Sec2}
========================

The CRISPR-Cas9 system evolved as an immune defense against foreign bacteriophage or plasmid infection in bacteria or archaea \[[@CR14]--[@CR16]\]. Exogenous DNA or RNA fragments are identified and recorded by integrating a repeat-spacer array into CRISPR. Then, the CRISPR precursor is transcribed and processed into mature CRISPR-derived RNA (crRNA). After hybridization between the crRNA spacer and complementary invasive nucleotide sequences, double-strand breaks (DSBs) adjacent to the protospacer adjacent motif (PAM) are made by the cas endonuclease. The DSBs are then repaired via nonhomologous end joining (NHEJ) and homology directed repair (HDR), which directly result in end joining, base insertion and deletion or directional mutation by using the homologous repair template \[[@CR17]--[@CR21]\] (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Mechanism of CRISPR-cas9-mediated gene editing.The synthesized 20 nt sgRNA is complementary to the target sequence near the protospacer adjacent motif (PAM). The cas9 protein introduces double-strand break (DSB) through the endonuclease domains HNH and Ruvc and then mediates gene repair by nonhomologous end joining (NHEJ) and homology directed repair (HDR), which may lead to an indel mutation or gene knockout. Moreover, cas9 can also be transformed into dcas9 by inactivating the endonuclease domain, which could cause gene transcriptional repression or activation via fusion to a transcriptional activator or repressor.

CRISPR is currently classified into six different types (I--VI) that include 33 subtypes according to the classification of the CRISPR-cas loci \[[@CR22], [@CR23]\]. Although it employs the same mechanism to acquire exogenous spacers, type II CRISPR requires only the cas9 protein for gene editing with the endonuclease domains HNH and RuvC. Therefore, the crRNA and trans-activating RNA (tracrRNA) used in type II A CRISPR were transformed into a small guide RNA (sgRNA) to make the CRISPR-cas9 system more convenient to operate \[[@CR24]--[@CR26]\]. In addition to functional loss, cas9 can also be transformed into dead Cas9 (dcas9) by inactivating the endonuclease domain and introducing a coactivator protein that can activate gene transcription to achieve gain-of-function (GOF) \[[@CR27]\]. Thus, CRISPR-based gene editing technology has been adopted for large-scale genomic manipulation or for screening to find new drug targets, genes inducing drug resistance and pathological mechanisms (Fig. [1](#Fig1){ref-type="fig"}). A variety of pooled libraries used for CRISPR-cas9-based large-scale screening have been developed by different research groups and can be purchased from Addgene (<http://www.addgene.org/pooled-library/#screening>).

Strategies for CRISPR-based high-throughput screening {#Sec3}
=====================================================

Tumor cells carry a wide range of genetic mutations that play important roles in oncogenesis and tumor evolution. CRISPR-cas9 has emerged as a promising method to identify tumor-driving genes as drug targets or biomarkers through large-scale screening \[[@CR28]\]. Functional screening in cultured cells has been conducted in two modes, arrayed screens and pooled screens. Arrayed screens are performed in multiwell plates with a single genetic perturbation in each well. Cellular phenotypes (e.g., survival and migration) are then determined using fluorescence or luminescence assays or other techniques. Although arrayed screening is able to investigate a much wider range of phenotypic changes caused by a single genetic disturbance, its application is limited by its cost, complexity of operation and the need for specific facilities \[[@CR29], [@CR30]\]. In pooled screens, oligonucleotides are synthesized to construct a plasmid library. Pooled libraries are integrated into the genomes of target cells using viral transduction. The readout is based on the comparison of the abundance of the genomically integrated transgene between samples and is determined by PCR and next-generation sequencing. Pooled screening is easy to operate and cost-effective, and it is a strong technology capable of identifying genes with pro-tumor or antitumor potential in a high-throughput manner \[[@CR31], [@CR32]\].

Pooled screening generally involves four steps. First, the plasmid libraries are created by synthesizing sgRNA oligonucleotides targeting genes of interest and cloning them into a lentiviral vector. Second, the plasmid pool is transduced into the target cells in the form of lentivirus or retrovirus, and tumor cells with stably edited gene(s) are identified by antibiotic selection. It is important that the multiplicity of infection (MOI) be maintained at a low level so that a single virus stably integrates a single cell in most cases \[[@CR11], [@CR27]\]. Then, the candidate genes potentially involved in drug resistance or tumorigenesis are identified by positive or negative screening for different research purposes. Finally, the genes are further verified in vitro and in vivo (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2CRISPR-cas9 screening process in vitro and in vivo.A large number of sgRNAs were synthesized and cloned into a lentiviral vector to form pooled libraries. Meanwhile, cells stably expressing cas9/dcas9 were constructed. The viruses were then transduced at a low MOI, and the cells with stable perturbation remained after antibiotic selection. Positive or negative screening in vitro or in vivo was carried out according to different experimental purposes, and bioinformatics analysis was conducted according to the results of next-generation sequencing to identify the candidate genes.

Positive or negative selection is usually utilized for unbiased screening (Fig. [3](#Fig3){ref-type="fig"}). In positive selection screening, cells with perturbations to induce pro-survival factors remain under long-term exposure to drugs. On the other hand, negative selection screening focuses on depleted cells with the selective pressure.Fig. 3Screening methods used for CRISPR-cas9.A CRISPR-cas9 screen can utilize either positive or negative screening according to the screening purpose. A positive screen focuses on surviving cells, whereas a negative screen focuses on dead cells. Screening can be further divided into loss-of-function (LOF knockout) or gain-of-function (GOF overexpression) screening according to the different functions of gene editing. Drug-resistance or suppressor genes are subsequently identified by the corresponding approach.

Progress in high-throughput screening with CRISPR-cas9 in precision medicine {#Sec4}
============================================================================

Identification of new therapeutic targets {#Sec5}
-----------------------------------------

Oncogene addiction makes cancer cells vulnerable to therapies targeting specific driver genes. Due to the variety of driver genes, CRISPR-cas9 provides a powerful tool to identify these genes, which are potential drug targets. CRISPR-cas9 screening has been utilized to identify new targets in a variety of tumors in various cellular contexts \[[@CR33]--[@CR35]\]. Edwin et al. conducted a genome-wide LOF genetic screen in colorectal cancer HCT116 cells harboring mutant or wild-type KRAS \[[@CR36]\]. They found that several genes involved in metabolism, such as NAD kinase or ketohexokinase, were potential therapeutic targets, and pharmacological inhibition of these enzymes attenuated the growth of colorectal cancer cells. Konstantinos el al. utilized the CRISPR-cas9 screening platform to identify genetic vulnerabilities in five types of acute myeloid leukemia (AML) cells (MOLM-13, MV4-11, HL-60, OCI-AML-2, and OCI-AML-3). As a result, they identified 492 AML-specific essential genes, including several established therapeutic targets, such as DOT1L, BCL2, and MEN1. KAT2A was proposed as a new therapeutic target for AML and validated in vitro and in vivo \[[@CR37]\]. Recently, genome-scale CRISPR-CAS9 screening in 324 cancer cell lines from 30 cancer types was performed to develop a comprehensive database to prioritize candidate cancer therapeutic targets. For example, Werner syndrome ATP-dependent helicase (WRN) was identified as a promising new synthetic lethal target in microsatellite instability tumors \[[@CR38]\].

Because CRISPR libraries are delivered by lentiviral vectors, it is difficult to operate in vivo. However, large-scale screening based on CRISPR-cas9 is not limited to the cellular system, and researchers managed to conduct screening in vivo \[[@CR39]\]. Xu et al. first introduced piggyBac (PB) transposons for sgRNA delivery for in vivo screening \[[@CR40]\]. PHD finger protein 5A was identified as a critical apoptotic suppressor involved in cancer progression and as a promising epigenetic target in breast cancer by using an in vivo CRISPR screen targeting RNA-binding proteins \[[@CR41]\]. Although CRISPR screening has contributed significantly to the discovery of new targets, further improvements to reduce the false positive rate caused by the off-target effects of cas9 is warranted.

Identification of biomarkers in cancer therapy {#Sec6}
----------------------------------------------

Biomarkers are widely used for disease diagnosis, staging, and prediction or for monitoring the efficacy of therapeutics. Thus, the discovery of biomarkers is an important factor in precision medicine. Screening based on CRISPR-cas9 is very helpful in searching for biomarkers to identify populations sensitive to a given treatment \[[@CR42], [@CR43]\]. McCleland et al. found that BRD4 promotes the proliferation of colon cancer RKO cells through LOF screening \[[@CR44]\]. Combined transcriptomic and genomic analysis further revealed that the long noncoding RNA (LncRNA) colon cancer-associated transcript 1 (CCAT1) was a biomarker that could indicate the sensitivity of colon cancer patients to BET inhibitors. Small cell lung cancer (SCLC) is generally considered to be associated with RB1 inactivation and TP53 mutations. CRISPR-cas9 screening revealed that RB1-negative SCLC NCI-H82 cells are hyperdependent on chromatin separation-related proteins, such as Aurora B kinase. Therefore, the loss of RB1 may be a potential biomarker for sensitivity to Aurora B kinase inhibitors \[[@CR45]\]. Responses to the first-line chemotherapeutic drug cisplatin have not been improved in the treatment of bladder cancer. Researchers performed whole-genome CRISPR screening to confirm that MSH2, as the most significantly enriched gene, promoted resistance to cisplatin. Therefore, MSH2 is a potential biomarker that may indicate the response of bladder cancer patients to cisplatin \[[@CR46]\]. A number of genes have been identified as potential biomarkers based on CRISPR-cas9 screening, which deserves further validation in clinical studies.

Identification of genes involved in drug resistance {#Sec7}
---------------------------------------------------

Drug resistance is prone to occur during drug treatment and may ultimately lead to tumor recurrence. Therefore, elucidation of the resistance mechanism and discovery of combinatorial regimens are important strategies to overcome drug resistance. With the emergence of CRISPR-cas9 technology, researchers have been devoted to searching for essential genes causing drug resistance or synergistic lethality through large-scale screening \[[@CR47], [@CR48]\]. The Zhang lab constructed a Genome-Scale CRISPR Knock-Out library targeting 18 080 genes with 64,751 unique guide sequences to identify vemurafenib resistant genes in A375 melanoma cells \[[@CR11]\]. Since then, unbiased LOF screening based on CRISPR-cas9 has been widely used in the search for synergistic lethal or resistant genes \[[@CR49]--[@CR54]\]. Gallipoli et al. utilized a genome-wide CRISPR-cas9 screen to determine that the knockout of glutaminase, which acts in the first step in glutamine metabolism, has a synergistic lethal effect when combined with FLT3-TKI inhibitors in FLT3^ITD^ AML patients \[[@CR55]\]. Thus, by inhibiting the feedback-activated survival signaling pathway, the recurrence of tumors caused by single drug therapy can be effectively prevented.

Genome-wide phenotypic changes can be achieved by transcriptional activation, and high-throughput screening based on GOF has also been introduced to identify genes inducing drug resistance \[[@CR27], [@CR56]\]. Konermann et al. synthesized a transcriptionally activated CRISPR library consisting of 70290 sgRNAs. They used a synergistic activation mediator system to screen genes potentially mediating resistance to BRAF inhibitors in melanoma A375 cells and patient-derived melanoma samples. Unlike pooled libraries used for knockout screening, sgRNAs in CRISPR activation (CRISPRa) libraries are designed to target promoter sites in genes of interest. Moreover, investigators have developed comprehensive genome-wide CRISPRa screens targeting 14 701 lncRNA genes. By screening these libraries, transcriptional activation of the GAS6-AS2 lncRNA was found to lead to Ara-C resistance in multiple cancers, including AML \[[@CR57]\]. Although transcriptional activation CRISPR libraries avoid the deficiencies of cDNA libraries by capturing the complexity of transcript isoform variance and by utilizing cloning into size-limited viral expression vectors, function-acquired screening is still less widely used than knockout-based screening.

In recent years, cancer immunotherapy has achieved great success. However, the response rate is relatively low. In vivo CRISPR-cas9-based screening provides a powerful tool to identify genes mediating resistance to immunotherapy. Such an approach has been conducted in mice transplanted with melanoma, and defects in interferon-γ signaling have been identified to cause resistance to checkpoint blockade \[[@CR58]\]. Recently, a genome-scale CRISPR-Cas9 screen was used to identify the mechanisms inducing resistance to the killing of tumor cells by cytotoxic T cells. The loss of PBAF function caused by inactivating genes, including Pbrm1, Arid2, and Brd7, sensitized mouse melanoma B16F10 cells to killing by T cells, and the inactivation of Pbrm1 rendered resistant tumors sensitive to immunotherapy \[[@CR59]\]. In another study, the authors invented the CHIME (CHimeric IMmune Editing) method, which uses a CRISPR-CAS9 bone marrow delivery system that allows the rapid assessment of the genetic functions of innate and adaptive immune cells in vivo. This approach was employed to perform an in vivo pooled genetic screen, and Ptpn2 was identified as a negative regulator of CD8+ T cell-mediated responses to LCMV clone 13 viral infection \[[@CR60]\]. Large-scale screening in vivo will be used primarily for the study of cancer immunotherapy, and the delivery system will be a critical factor for the efficient introduction of genetic alterations \[[@CR61]--[@CR63]\].

Challenges of CRISPR-cas9 screening in precision medicine {#Sec8}
=========================================================

Large-scale screening based on CRISPR-cas9-mediated gene editing provides a powerful tool in the era of precision medicine. Although this approach has shown tremendous advantages, there are a few issues that need to be improved urgently. Minimization of the off-target effects of gene editing has been a significant challenge for the development of CRISPR technology. Several websites are available to help researchers design sgRNAs with improved specificity \[[@CR64]\]. Scientists have also been working to optimize the design principles of sgRNAs to improve their specificity \[[@CR65]--[@CR68]\]. Strategies for designing sgRNAs targeting noncoding RNA are also being improved. A lentiviral paired-guide RNA library for the large-scale knockout of noncoding RNA has been developed \[[@CR69]\]. Moreover, programmable single-base RNA editing has been realized by a RNA editing for specific C-to-U exchange system \[[@CR70]\].

Genetic perturbations can be introduced by either LOF or GOF. Therefore, both strategies are utilized in large-scale screening. However, the GOF method requires the participation of coactivator proteins together with sgRNAs, which makes the method less accessible. To allow GOF screening to be more widely used, the multiple-plasmid system should be streamlined. Another concern is that the knockout or overexpression effects caused by CRISPR-cas9 may be compensated for by paracrine pathways \[[@CR71]\]. Neighboring cells can compensate for functional knockout or gain by secreting growth-promoting cytokines, which would interfere with the functional readout. Furthermore, the phenotype and microenvironment may fail to adhere to the desired pathological conditions when cells are cultured in 2D \[[@CR72]\]. Large-scale screening based on CRISPR experienced a process from in vitro to in vivo. The improvement of the delivery system and CRISPR-cas9 efficiency will be critical for improved screening in vivo. Alternatively, screening in organoids could better simulate the tumor microenvironment.

Finally, the analytical methods need to be optimized to reduce false positive or negative candidates during large-scale screening \[[@CR48], [@CR73]--[@CR75]\]. A model-based analysis of genome-wide CRISPR/Cas9 knockout (MAGeCK) method (<http://bitbucket.org/liulab/mageck-vispr>) was created to control the quality of original sequencing results and to establish model analysis so that 'seemingly relevant' genes can be removed \[[@CR76]\]. Researchers recently performed computational analysis of CRISPR screens using the MAGeCKFlute pipeline, which combines the MAGeCK and MAGeCK-VISPR algorithms and incorporates additional downstream analysis functionalities \[[@CR77]\].

Conclusion {#Sec9}
==========

The discovery of CRISPR-cas9 not only represents a new method for gene editing but also provides a powerful tool in precision medicine for cancer treatment. The use of CRISPR-cas9 to construct cell or animal models has greatly facilitated cancer research. CRISPR-cas9-based screening accelerates the identification of new drug targets and biomarkers, which will promote the discovery and development of precise cancer treatments. By validating the mechanisms of drug resistance, new combinatorial strategies have been proposed to control recurrence and improve the survival rate of patients. Large-scale screening methods based on CRISPR-cas9 are highly variable, and researchers should adopt appropriate strategies according to their research purposes. Nevertheless, this editing method still needs to be improved in terms of the reduction of off-target effects and the improvement of the analytical methods. From the initial in vitro screening to ex vivo and in vivo screening, the technology has gradually been optimized to more closely reflect pathological conditions \[[@CR78]--[@CR81]\]. Due to the combined efforts of various research communities, CRISPR-cas9 will continue to play an increasingly important role in precision medicine for cancer treatment.

This work was supported by the "Personalized Medicine Molecular Signature-based Drug Discovery and Development" Strategic Priority Research Program of the Chinese Academy of Sciences \[XDA12020111\], the National Science and Technology Major Project "Key New Drug Creation and Manufacturing Program" \[2018ZX09711002-011-014 & 2018ZX09711002-004-011\] and the National Natural Science Foundation of China \[81773760\]. It was also partially supported by the Fudan-SIMM Joint Research Fund \[FU-SIMM20172005\].
